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abstract 


The ac motors, particularly squirrel cage induction 
motor, have a number of advantages in comparison to either 
dc or synchronous motors. However, under certain conditions, 
a current/frequency controlled induction motor drive operating 
either as a motor (or as a generator) can exhibit self-sustained 
oscillations about a steady-state operating point. At the same 
time the induction motor is a difficult device to model. 

Analysis of current control inverter fed induction 
motor using d-q model has been done. The feasibility of 
developing controlled current induction motor drives using 
transfer function techniques has also been studied. A systematic 
study of several controllers in a current source inverter fed 
induction motor drive and their effects on the dynamic response 
and stability of the system has been carried out in the 
present work. 

It has been shown, that, the system may or may not be 
stable for various operating points for a given controller gain. 
Use of adaptive control has been suggested. 
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CHAPTER 1 


INTRODUCTION 

In the past, usually ac motors have been used in the 
applications requiring constant speed. In variable speed appli- 
cations, mainly dc motors, especially of shunt type, have been 
used. The development of power electronic devices, first the 
thyristor and more recently the gate turn-off thyristor (GTO) 
and the power transistor has freed ac electronic motors from this 
constraint of a fixed (i.e. synchronous) speed. With the impro- 
vement in capabilities and reduction in cost of these devices, 
it has become possible to build ac drives which can match dc drives 
in performance as well as in cost. As a result of this, ac drives 
have succeeded in replacing dc drives in a number of variable 
speed applications. 

The ac drives compete directly and favourably with the 
traditional dc drives and they can provide superior perfor- 

rance, faster response, greater bandwidth and greater overload 
capability. These features are particularly attractive to the 
nachine tool industry and it is in this area that the greatest 
technical advances has been made. It is possible now to make 
/ery simple, rugged and relatively inexpensive ac drives and 
these have brobght the advantages of variable speed to operations 
>uch as water and sewage pumping system which could not justify 
the cost of traditional dc drives. 
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The ac motors, particularly squirrel cage induction motor, 
have a number of advantages in comparison to either dc or synchro- 
nous motors. Some of these are, lower maintenance, cost, weight, 
volume and inertia, ruggedness, higher efficiency and improved 
reliability. The squirrel cage induction motor, having no 
sliding contacts, can be totally enclosed and, if need be, made 
flameproof. It can be employed in hazardous and hostile environ- 
ments. The major drawback of dc motors is the presence of 
commutator brushes and sliding contact between them, which require 
frequent maintenance and repair and this makes dc motors unsuitable 
for explosive and unhealthy environment. 

Inverters permit the generation of three-phase ac over a 
wide range of power frequencies. Most inverters in present use 
can be designated controllable-voltage adjustable-frequency source, 
since the output terminal voltage is essentially independent 
of current. Recently, however, the useful features of inverters 
in which the current rather than voltage appears essentially as 
the independent variable, have been recognized. Since a larger 
portion of electrical equipment which utilizes ac power over a 
range of frequencies requires current of approximately constant 
magnitude, this type of inverter appears to have inherent advan- 
tages. Typical applications include ac motor drives which are 
controlled to develop constant motor torque over a fixed speed 
range. In addition, the current source inverter (CSI) has many 
advantages which make it an attractive alternative to conventional 
controllable-voltage source inverters. 
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The CSI is a very rugged supply capable of recovery 
from short circuits or commutation faults. It offers inherent 
overcurrent protection when current feedback is used. It is a 
simple circuit which does not require fast turnoff thyristors. 

The CSI is capable of full regeneration with only 12 SCR*s and 
6 diodes. While it produces a square wave current supply, the 
motor voltage and hence flux is quasi-sinusoidal . It is cheap 
and simple to design current source inverter. These numerous 
advantages have resulted in increasing use of the current source 
inverter drives. 

However, under certain conditions, a current/frequency 
controlled induction motor drive operating either as a motor or 
as a generator can exhibit self-sustained oscillations about a 
steady-state operating point. These oscillations are actual 
instantaneous rotor speed changes accompanied by variations in 
output torque, motor current and input power. This operating 
point instability is directly related to the machine, load and 
other system parameters. The open-loop operation of current 
source inverter fed induction motor is unstable for most operating 
conditions and therefore control loops must be added to realize 
feasible operating points. For these drives, feedback loops are 
added for improved regulation and response and also for protection 
purposes. The presence of open-loop instability, makes design 
of the closed-loop control by purely laboratory techniques, a 
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difficult task. All this has prompted us to go into the causes, 
method of analysis and means of eliminating this instability 
problem. We will study an analytical design technique for 
finding the transfer function between a specific input command 
and a controlled output variable, based on small-signal linear- 
ization. In order to assess or design outer control loops such 
as speed or torque controllers, it is necessary to have a simple 
but reliable model for the inverter, the induction-motor . and any 
inner loops which might be considered as basic to the drive. 

The induction motor is a difficult and complicated device to 
model because of the many nonlinearities present. Besides, the 
addition of the inverter power supply adds other non-linearities. 
Therefore, we will study the systematic development of such a 
model. 

In 1968, BORIS [l] developed theory and control technique 
for the controlled slip static inverter drive. Later, LIPO and 
KRAUSE [2,3] in 1969, studied the stability of a rectifier - 
inverter induction motor drive. They developed a method for 
determining the stability of a rectifier-inverter induction 
motor drive system. They also investigated the effect of the 
system parameters on system stability using Nyquist stability 
criterian. 

The exact equations defining steady-state operation of 
a controlled current induction motor drive system using state- 
variable approach were developed by LIPO and CORNELL [4] in 1975. 
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They showed, that, normal open-loop operation occurs on the 
unstable side of the torque-slip characteristic necessitating 
the use of feedback control for stable operation. 

SAWAKI and SATO [5] in 1977 studied and compared the 
steady-state characteristics and instability of an induction 
motor driven by current source inverter with the system driven 
by voltage source inverter. They applied Routh-Hurwitz criterion 
to determine several instability boundaries for various parameters; 

A dynamic model for current-controlled induction motor 
drives was developed by CORNELL and LIPO [6] in 1977. They 
formulated a transfer function approach to the transient response 
investigation by means of d-q variables in the synchronously 
rotating reference frame. 

In 1979, SEN [7], studied the various control loops in a 
current source' inverter-induction motor drive and their effects 
on the dynamic response and stability of the system. The author 
developed d-q model [8] which incorporates the induction motor 
and the inverter power supply with current feedback. 

The basic idea of the control methods implemented in the 
present work has been taken from the reference [7] in which 
various control techniques have been discussed. Faddeeva's 
method [27] has been used to develop transfer function for 
various input and output variables. 
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The present work is organised into five chapters, includinc 
the current one, as detailed below. 

The Chapter 2 presents a review of various speed control 
methods of induction motor. Advantages and disadvantages of 
various speed control methods have also been discussed. 

In Chapter 3, a linear model of induction motor for 
varying frequency of the current source inverter has been develops 
using d-q variables in the synchronously rotating reference 
frame. A transformation similar to the Park's transformation, 
has been used which transforms the metor time-varying equations 
into time invariant equations. 

In Chapter 4, the non-linear equations are linearized 
about an operating point. Steady state characteristic and 
stability analysis of an induction motor driven by current 
source inverter in open loop has been carried out. Analysis of 
closed loop drive and means of improving stability of these 
devices has also been done. 

Finally, Chapter 5 concludes with the work reported in 
this thesis and also gives a brief outline of the future scope 
of work. The report ends with the list of references and books 
which have been referred in giving shape to this work. 



CHAPTER 2 


REVIEW OF EXISTING SPEED CONTROL METHODS FOR INDUCTION 

MOTOR DRIVES 


2.1 INTRODUCTION: 

The speed of a dc motor cannot be increased much as it 
is limited by extreme distortion of the air-gap flux of a weak 
main field caused by armature reaction and consequent poor 
commutation. The complex constructional features of the dc 
armature connected to the commutator segments also place an 
upper limit on the motor speed. Neither of these two limiting 
factors inhibit the speed of a rugged wound rotor induction 
motor. On the other hand, ac motors suffer from the inherent 
speed-constancy of the rotating field dictated by the supply 
frequency which is normally constant. A wide range of constant 
speed control is possible only by expensive circuitry using 
silicon-controlled rectifiers (SCRs). This chapter describes 
the speed control of induction motors both from rotor and 
stator sides. Theory and control techniques of the controlled 
slip static inverter has been described. It is seen that if 
the slip of an induction motor is constrained and controlled 
to values below breakdown, the motor operates with high 
efficiency, high power factor, and moderate current, with 
performance comparable to that of dc machines [l]. 
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2.2 SPEED CONTROL OF INDUCTION MOTOR: 


Various methods of controlling the speed of the induction 
motor [18] can be visualized by considering the following speed 
equation 

w = (l-s)a)g (2.1) 


It is seen from equation (2.1), that there are two basic 
ways of speed control, namely, (i) slip control for fixed 
synchronous speed and, (ii) control of synchronous speed by 
suitable methods. 


The relationship 


0 ) 



( 2 . 2 ) 


suggests two ways to control the synchronous speed viz., control 
of supply frequency and change of stator poles. The latter 
method gives a step control, as poles can be changed in multiples 
of two. Pole-changing is carried out in a squirrel-cage 

motor only because of number of poles both for stator and rotor 
must be the same and that too for two steps. Only a few standard 
relations [22] which will be referred while discussing speed 
control methods are given below. 
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2.2.1 Rotor Resistance Control: 

Rotor resistance control [?P ] involves extracting some 
energy from the rotor and dissipating it as heat in a resistance 
so that the power converted into mechanical power is reduced. 

Thus for the same torque the motor operates at a reduced speed. 
Speed-torque and speed-rotor current characteristics of the 
wound-rotor induction motor, for various values of rotor resistance 
are shown in Fig. 2.1(a) and (b). According to eqn. (2.7) the 
maximum torque is independent of rotor resistance. However, 
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according to eqb. (2.6), the slip at which the maximum torque 
occurs depends upon the rotor resistance. As the rotor 
resistance is increased, the speed at which the maximum torque 
occurs decreases i.e. slip increases as shown in Fig. 2.1(a). 
According to eqn. (2.3) with increase in rotor resistance, the 
rotor current at a given slip decreases. Thus, with increase 
in rotor resistance, rotor current, and therefore, the stator 
current decreases giving higher torque to current ratio. Thus, 
in drives requiring low speed operation, larger output can be 
obtained from the machine, thus allowing better use of its 
capacity. Eqns. (2.5) and (2.3) show that, as the rotor resis- 
tance is increased for the same value of torque and rotor current, 
the machine operates at a lower speed. According to eqns. (2.8) 
and (2.9), this is achieved by reducing the power developed by 
the machine shaft power by increasing the power 

wasted in the rotor resistance. As a result of higher rotor 
copper loss, the efficiency of the motor is low. Since the copper 
loss mainly takes place in the external resistances connected 
to the rotor circuit, it does not cause over-heating of the 
machine; thus the motor is not derated. This type of speed 
control is possible only for slip-ring i.e. wound rotor induction 
motors. This method of speed control can only be adopted in 
a narrow speed range. Thus, we observe that the rotor resistance 
control is too inefficient for practical use except for 
momentary reduction of speed. 
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^nduc^iSn R°tor 


In this method, a certain fraction of rotor power extractec 
com the rotor circuit is fedback to the source, instead of 
aing wasted in the resistance as in the case of rotor resistance 
ontrol. Thus, lesser amount of power transferred to rotor 
hrough the air gap is converted into the mechanical power, 
ence, for the same torque, machine operates at a lower speed, 
his scheme is called slip power recovery scheme. The schematic 
lagram of this scheme is shown in Fig. 2.2. Speed can also 
e controlled above the synchronous speed but the cost increases, 
peed torque characteristic of the induction motor for this 
Pheme is shown in Fig. 2.3. This scheme is used in high power I 
pplication involving small speed variation below the synchronous | 
peed, such as in high power fan and pump drives. 

.2.3 Variable Terminal Voltage Control: 

This is a slip-control method [22] with constant frequency I 
•ariable voltage being supplied to the motor stator. Obviously 
.he voltage should only be reduced below the rated value. Speed- | 
;orque characteristics of the induction motor for variable I 

alues of stator voltage are shown in Fig. 2.4. Fig. 2.4(a) 

:hows the characteristics for low slip induction motor, (motor i 
ath low rotor resistance) and Fig. 2.4(b) gives the characteristic; 
or high slip induction motor, (motor with high rotor resistance). I 
;t can be seen that speed can be varied by a larger amount when 
;he rotor resistance is high; however, this method can allow 
ipeed control only over a small range. 
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Eqns. (2.3) and (2.5) show that for a given slip, torque 
is proportional to square of stator voltage and the rotor 
current is proportional to stator voltage. As the stator 

is reduced, torque to current ratio decreases. Conse- 

voltage 

for a given thermal loading on the machine, available 

qu entry » y 

decreases. Low speed operation without overheating is 

torq^^ 

‘ble if the torque demand on the machine decreases as the 
eed decreases. Therefore, stator voltage control is suitable 
for the applications where speed Is to be controlled in a limited 
only and the load torque decreases with the speed. 

range 

Eqns. (2.8) and (2.9) show that with the decrease in speed,; 
copper loss increases but the power converted into mechanica 
.-creases. The stator voltage control is an inefficient 

power 

of speed control. This method of control is commonly | 

metnou 

used, inspite of poor efficiency and motor derating, because 
cf lower cost compared to alternative methods of speed control 
such as variable frequency control and slip power recovery 

scheme. 

2 2.4 Variable Frequency Control: 

The synchronous speed of the induction motor can be 
controlled in a stepless way over a wide range by changing the 
supply frequency [19]. Change in supply frequency varies the 

synchronous speed, and therefore, speed of the motor. The 
resultant air-gap flux per pd® given by 



Therefore, in order to avoid saturation and excessive Gore-l.os,s 
in stator and rotor cores which would cause sharp increase 
in magnetization current, the resultant air-gap flux 0 ^ and 
hence the flux density must be kept constant as frequency 
is varied. To achieve this, it follows from eqn. (2.10), that, 
when frequency is varied, voltage must also be varied in such 
a way that the ratio of the motor terminal voltage and its 
frequency remains constant. Variable (V,f) supply from constant 
(V,f) supply can be arranged by the converter-inverter arrange- 
ment shown schematically in Fig. 2.5. Speed-torque characteristic 
for variable frequency control is shown in Fig. 2.6. 

Motor speed can also be controlled above the rated speed 
by increasing the supply frequency above the rated frequency of 
the machine. Since the terminal voltage cannot be increased 
beyond the rated value, it is maintained constant at its rated 
value as the frequency is increased. Thus, speed control above 
the rated value is obtained with the reduction of the torque 
capability of the machine. 

With variable frequency control, the regenerative braking 
can easily be obtained throughout its speed range by reducing 
the frequency in such a way that the synchronous speed at that 
frequency is lower than the actual motor speed. 
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Variable frequency control is a highly efficient method 
of speed control. Due to, high torque to current ratio, it 
provides fast acceleration and deceleration of the machine. A 
four quadrant drive can be realized using a variable frequency 
supply fed squirrel cage induction motor. 

2.3 THE CONTROLLED SLIP STATIC INVERTER DRIVE: 

The controlled slip static inverter drive [l] uses the 
versatile characteristic of the semiconductor inverter to 
achieve optimized control of a squirrel cage induction motor. 

This technique has been possible during the past few years due 
to the development of fast, powerful and efficient inverters. 

Before any drive system can be applied effectively, the 
output quantities must be expressed in terms of the output 
quantities of the controller. These, in turn, must be realized 
from and related to the controller inputs. We shall now discuss 
the theory of this drive system. 

2.3.1 Theory of Variable Speed Induction Motor Drive: 

When balanced polyphase voltages are applied to the 
symmetric stator windings of an ac machine, a rotating magnetic 
field is created. A magnetized rotor placed in this field 
tends to spin in synchronism with this rotating field, thereby 
forming a synchronous motor. The speed of the motor is dependent 
on the speed of the field which in turn is a function of the 
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frequency of the applied voltage. As the frequency is changed 
to adjust the speed, it is necessary to maintain flux density 
near some optimum level. In an ac machine, the magnetic flux 
is related to voltage and frequency in the following manner: 



where K is a constant. 

Thus, to control the action of an ac machine, the adjustment 
of voltage and frequency must be coordinated. If excitation 
losses and stator voltage drops are neglected, a balanced 
polyphase voltage V sinwt, applied to the symmetric stator windings 
of a motor, produces a rotating magnetic field in the stator 
whose angular speed is given by eqn. (2.2) and whose magnitude 
by ^n. (2.11). 

« i 

If the speed of the rotor is then 


- ( 1 )^ 
si s r 


The voltage induced in the rotor is 


( 2 . 12 ) 


03 ( 2 . 13 ) 

The rotor being a closed circuit, the rotor current 1^, 
will be. 




* (“si 


This, in turn produces a flux 
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(2.14) 


This flux lags stator flux 0 by an angle 




0 = -4- + tan"^ ( — ^ 


^r' 


T— )= 


(2.15) 


where. 


Y = tan 


-1 “si hx' 


( 2 . 16 ) 


The motor torque is given by 


T = 0y 0s sin © = 0^ 


(2.17) 


Substituting the value of Y from eqn. (2.16) in eqn. (2.17) 
we get. 


T= 0 


2 ‘"si ^r 


(2.18) 


rV\2 


w , r ’ 
si r 


T = —5 5- 

* t“slL.r’) 


(2.19) 


Thus, from eqn. (2.19), we observe that torque depends only 
on slip t 0 g 2 3nd volts per cycle — . 

Differentiating the expression for torque with respect to slip 
and setting it equal to zero yields 

r • 


= 7^ 

sm 


( 2 . 20 ) 


This is known as the breakdown slip speed associated with the 
breakdown point (corresponding to the breakdown i.e. maxm. torque) 
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Operating beyond breakdown slip yields high current, low 
power factors and high losses. If the slip is constrained and 
controlled to values below breakdown, high efficiency, high 
power factor and moderate currents result in an operation compa- 
rable to that of a dc machine. Further-more, this holds good 
even when the speed of the system is varied by adjusting the 
stator frequency provided that, as in any well designed machine, 
the flux is kept at a level high enough to obtain good perfor- 
mance, but low enough to control saturation and core losses. 

The direction of slip relative to the stator determines the 
direction of power flow, while the voltage determines the level 
of torque and hence, along with the frequency, the level of 
power flow. 

Thus, eqn. (2.19) is a general expression defining 
torque involving the quantities of slip speed and excitation. 
Torque can be controlled by adjusting excitation, or slip, or 
both in combination. The choice of the particular mode of 
control depends on the load, the motor type and the controller. 
The ability to control slip and excitation precisely and 
accurately depends on the Inverter which is used. 

Forcing torques, which are a multiple of rated values, 
can be applied briefly by increasing excitation and/or slip. 

The resulting increase in losses can be tolerated because of 
the relatively large thermal time constant of the motor. 
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2.3.2 Control Technique: 

The application of dc drives is normally divided into 
two classical modes: the constant torque and constant horsepower 
ranges of operation. In both of the classical operating modes, 
the essence of the task is to adjust the levels of two inter- 
acting fluxes to control speed and torque. In the induction 
motor, the behaviour of stator flux is analogous to the field 
of a dc machine. In the constant torque range, stator flux can 
be maintained by controlling ^ and current-slip factors. 
However, speed is a function of applied frequency and the flux 
or field ‘weakening' is a consequence of operating above base 
frequency at a fixed voltage as the voltage cannot be increased 
beyond its rate of value. 

Flux due to rotor currents is proporti'onal to the 
product of stator flux and slip. It can be varied to set the 
torque by adjusting slip and/or excitation, just as the armature 
flux is controlled by adjusting current in a dc machine. To 
maintain the maximum value of rotor flux at some level, the slip 
must be increased as the stator flux is weakened in the constant 
horsepower mode. A representative control system is shown in 
Fig. 2.7 which includes a slip control loop and a stator flux 
regulation brought about by a shaped current reference that 
produces indirect stator flux control. 

The constant stator flux method is not necessarily 
optimum, since, in the process of load forcing in the constant 
torque range, for a given current and speed, the torque is 
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proportional to the applied voltage squared. This implies 
that, the excess torque is a function of an excess stator flux 
at the same maximum rotor flux as measured by stator current. 

The high flux has the tendency to produce high magnetization 
losses in steady state in anticipation, so to speak, of the 
moment when it is necessary to produce brief forcing torque. 
However, slip losses appear only when the load is being driven. 

On the other hand, the essence of harmonics in the 

waveform, while not affecting increased magnetization losses, 

does induce rotor losses because their relative slip is high 

and is virtually uneffected by the speed and loading of the 

machine. Hence, their contribution to motor loss is roughly, 

proportional to the square of the stator flux. Such losses 

would soar under conditions of over-excitation. Thus, in the 

constant torque range, an optimized system can operate with a 

fixed value of slip. Torque is controlled by adjusting the level 

of stator flux. Such a system calling for a variable stator 

flux can also be obtained by forcing that flux with a shaped 

2 

voltage or flux reference since T<^('“)^S, ^ , 0_^S. We will 

w o S 

use independent current/speed and/or slip control to study the 
improvement in the stability of the drive. 



(a) Speed-torque curve 


(b) Speed-rotor current curve 


Fig. 2.1 Performance curves of Induction motor for different 
values of rotor resistance. 
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inverter 


Fig, 2.2 Slip power recovery scheme for speed control of 
induction motor below synchronous sneed. 






Fig. 2.3 Speed- torque characteristic of induction motor 
with slip power recovery control. 




(a) Low slip induction motor (b) High slip induction motor 


Fig. 2.4 Stator voltage control of induction motor 
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Fig* 2*5 Scheme for variable frequency control of 
induction motor 



Fig. 2.6 Speed torque characteristics of induction motor 
for various values of frequencies, fn is the 
rated frequency. 
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Fig. 2.7 Controlled slip drive system 







CHAPTER 3 


MATHEMATICAL MODELLING OF INDUCTION MOTOR DRIVE 

3.1 INTRODUCTION: 

Computer simulation is widely used to study the behaviour 
of physical systems under various conditions. Appropriate 
system models are required for digital simulation. In the 
previous chapter, we described the theory and control technique 
of variable frequency variable speed induction motor drive. 

We will now describe the drive configuration in detail. In 
this chapter, we will develop a suitable model of the induction 
motor for use in the variable frequency variable speed drive* 

A complete model of the drive which includes models of the 
induction motor, converter and inverter has been developed by 
making suitable assumptions. For the purpose of analysis, we 
have neglected saturation effects in the motor. 

3.2 DESCRIPTION OF THE DRIVE: 

Normally an industrial drive draws its power from the 
standard three-phase system of constant voltage magnitude and 
fixed frequency. The first requirement is to convert this to 
dc, the usual instrument for this purpose being the six 

thyristor bridge rectifier. The dc power is then converted 
by an inverter to ac power at variable voltage and frequency 
for application to the motor. 
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The output voltage of the rectifier has considerable 

harmonic content, the harmonic frequencies being multiples 

of six times the supply frequency. The input current to the 

inverter has also substantial harmonic content, the harmonic 

frequencies being multiples of six times the inverter output 

frequency. These two sets of harmonics must be isolated from 

one another by a filter interposed between the rectifier and 

the inverter. A simplified diagram of the drive considered is 

given in Fig. 3,1, describe components of the 

drive [9]. 

3 ,2.1 Converter: 

The converter is almost invariably a six thyristor bridge 
as depicted in Fig. 3,2. This gives six pulse operation, i.e,, 
the output voltage and input current waveforms correspond to 
SIX phase operation. The converter of Fig. 3,2 may be directly 
connected to the three-phase supply or a transformer may be 
interposed. Direct connection has the merits of lower cost, 
lower weight and volume (i.e. lesser space) and higher efficiency 
Its disadvantages are that, the maximum dc output voltage is 
dictated by the ac supply voltage and no part of the drive is 
grounded, the ground being that of the ac supply. 

The dc output voltage available from the bridge is 
given by. 


(3.1) 
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The voltage level can be varied very rapidly, as far as a 
drive is concerned almost instantaneously, between the positive 
and negative maxima by controlling the instants at which the 
thyristors are switched to the conducting mode. The thyristor 
converter is a convenient power source for a drive, its major 
disadvantages being harmonics on both the output and input 
sides and poor power factor at reduced output voltage. 

3.2.2 The Filter; 

High efficiency is essential when handling large power 
so that the only components considered for the filter are capa- 
citors and inductors. Depending on the inverter, the filter 
may be a large capacitor, an LC low pass combination or an 
inductor. The so-called current source inverters require an 
inductor to reduce the current ripple caused by the rectifier 
harmonics. This is a substantial component with about ten times 
the inductance of the load. The controlled rectifier bridge 
and filter together form a dc current source which supplies 
constant regulated dc current to the inverter. 

3.2.3 The Inverter; 

The inverter shown in Fig. 3.3 is the autosequential 
commutated inverter [4]. This is extremely robust and trouble 
free device which works in the complementary commutation mode, 
i.e. the incoming thyristor turns off the outgoing thyristor. 

In Fig. 3.3, thyristors T^^-T^ switch the load current at a rate 
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established by the inverter control and establish the inverter 
output frequency. Capacitors Cj^-C^ provide the necessary 
commutation energy while diodes isolate the capacitors 

from the load. Ideally, only two phases conduct at any instant 
of time resulting in six modes of operation. 

A diagram illustrating the thyristor gating sequence 
and resulting line currents is shown in Fig, 3.4. The dc input 
current is divided among the load phases by the inverter so 
that the current in each phase has the rectangular waveform. 

If Ip^ is the magnitude of the current in the link, these 
stepped currents exciting the three stator phases can be repre- 
sented by the Fourier expansion given by [25], 


2f3lR 


'as 


^ ^ 1 1 
— [cos o)gt - cosSUgt + ^ cosVw^t - ... ] 


2f3I 


R 


[cos(a)gt- §^)“ ^ cos(5a)gt+ + yCosCTw^t- 

(3.3) 


2'rtx . 1. 


(3.2) 


2it' 


‘bs 71 




2V3Ir, 


ics = " [cos((»)gt+ 1^)- I cos(5Wgt- ^)+ ycos(7(Dgt+ 


2Tt^ . 1. 


271 > 


(3.4) 

The combination of current source inverter and controlled 
rectifier readily handles reversal of power flow as from a 
generating load. 
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3 <.3 MODELLING OF THE DRIVE: 

The following assumptions are made for the purpose of . 
developing the model of the induction motor drive: 

i) The voltages, currents and impedances are assumed 
to be symmetric and balanced; 

ii) Commutation overlap is neglected. Switching is 

considered to be instantaneous and no voltage drop 
occuring in the thyristors. 

iii) The induction machine is considered to be an ideal 
symmetric machine in which the stator and the rotor 
windings are distributed uniformly so as to produce 
a sinusoidal space distribution of MMF in the 
air gap. 

iv) Saturation of magnetic core in the induction machine 
is neglected. 

v) Core losses in induction machine are neglected. 

vi) All parameters of the machine are assumed to be 
constant. 

t 

vii) The motor is assumed to be a wye-connected three- 
phase, three-wire system. 

Generally, these assumptions do not indicate serious 
restrictions while they certainly simplify the model. Neglecting 
harmonics produced by the inverter power supply does not 



3.6 


reduce the significance of the results in termsofstability and 
transient response. This simplifies the model and enables 
faster computation of dynamic performance. 

3.3.1 Mathematical Model of the Induction Motor for Controlled 
Current Operation; 

When a stator winding is distributed for the purpose of 
producing a sinusoidal M>ilF wave in space, it is convenient to 
portray the winding as an equivalent single coil and express 
the mutual coupling between it and an equivalent rotor coil 
as a sinusoidal function of the angular displacement between 
their magnetic axes. If the induction motor has either a 
squirrel-cage rotor or a coil wound rotor with the same number 
of phases (and poles) as the stator, the rotor can be considered 
as having equivalent coils. The stator windings are identical 
to each other. Similarly the rotor vyindings are identical to 
each other. The line to neutral stator and rotor voltage 
equations are; 

[V] = [R] [I] + p[X] 

where, 

= [Agg X^g ^ ^ 

“ ^^as ^bs ^cs ^ar ^br ^cr ^ 

[v] = [Vgg Vj^g v^g v^^ ] 


(3o5) 

(3.6) 

(3.7) 

(3.8) 
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0 0 0 0 0 


0 0 
0 0 


0 0 0 0 

Tg 0 0 0 

0 I'p 0 0 


0 0 0 0 
0 0 0 0 0 


(3.9) 


and p denotes the 'd/dt* operator. 

Since, the stator and -the rotor windings are 3-phase wire systems 
the flux linkage equations [8] are. 


[A] = [L] [I] 


where. 


(3.10) 
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where, 


L 


ss 



sm 


(3.12) 


L 


rr 



rm 


(3.13) 


Due to the sinusoidal space variation of the mutual 
inductances with respect to the displacement angle 0^, time - 
varying coefficients will appear in the voltage equations. This 
undesirable feature can be eliminated by a proper change of 
variables which, in effect, transforms the phasor voltages and 
currents of both the stator and rotor to a common frame of 
reference. 

Fig. 3o5 shows the angular relation of the stator and 
rotor magnetic axes of a three-phase machine with the third set 
which is an orthogonal set (d— q axis) rotating at an arbitrary 
electrical angular speed w ( = ^ ). It is clear that as-bs-cs 
set is fixed in the stator and ar-br-cr set is fixed in the 
rotor and hence rotates at an angular velocity of The 

angular relationship between the three sets of axes at time t=0, 
can be selected arbitrarily. However, it is convenient to 
assume that at time t=0, the q axis and the magnetic axes of the 
stator (as) and rotor (ar) phases coincide [2l]. 
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The following power invariant Park's transformation [2l], 
which can be developed based upon symmetries inherent in the 
machine and using mathematical theory of groups, is considered. 




COS0 


sin0 


T's = 

v§ 

cos(0 - 

2itx 

3 '' 

sin(0 - 

27t 

3 



cos (0 + 

2tc\ 

sin(0 + 

2n 

3 

Also 

f 







cosP 


sinP 


T = 

V§ 

cos(p - 

2n\ 

3 '' 

sin(p - 

211 



cos(p + 

2ti\ 

sin(p + 

2it' 

3 


1 

1 

1 

1 

1 

1 


(3.14) 


(3.15) 


Then, the transformed equations for the balanced system,which 
can be correlated to the angular relation of -tiie axes as shown 
in Fig, 3.5, are as follows. 
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V2 cos(p 
f2 sinO - 
1 


Y'2 cos(P + 
■^2 sin(p + 
1 



(3.17) 


where p = 0 - 0^. (3,18) 

In these equations, variable f represents either voltage, 
current or flux linkage. These equations are restricted by the 
condition that the instantaneous angular displacement 0 of the 
arbitrary reference frame must be a continuous time function. 


f^g and f^^ are taken because, in general, three indepe- 
ndent variables are necessary. If, however, only balanced 
conditions are to be considered, the third voltage or current 
can be defined in terms of other two. Hence, a third variable 
is unnecessary. 


Also, if a 3-wire system are analysed, it can be shown 
that for the balanced system the zero subscripts (fQg and f^^) 
are non-existent. So these quantities can be excluded from 
its equivalent circuit development. 

The equation (3.10) can be written as. 
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where, S refers to stator quantities and R refers to rotor 
quantities. ±s the transpose of Using the 
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ons, 
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Premultiplying both sides of voltage equation (3.5) by 
we have 

[V] = T~^[R] [I] + T"^ p[A] (3.24) 

Thus we obtain, in terms of transformed variables, 

^Vrk] = [Ipark^ ] (3.25) 

tVrk] = [«3[lpa^k]'*-T'"(Tp[Xp,^,]+(pT)[Ap^P,]) (3.26) 

or 

tVrk^ = [R] [Ipapk^ ^ P[\,ark] ^ PT[)^^P,) (3.27) 


Assuming balanced condition (i.e. zero sequence current is 
zero, and consequently, zero sequence voltage is also zero), 
and using equation (3.27) for stator and rotor voltages, we get 
the voltage equation as. 
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(3.30) 

prime denote rotor quantities referred to the stator side. 


Expression for instantaneous electromagnetic torque can 

be obtained by applying the principle of virtual displacement 

• ^ 

based upon the concept of virtual work. This relation, which 
is positive for motor action, is. 


T. = (§) (I) M (i 
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(3.31) 


Using eqns. (3.23), (3.28), (3.29), (3.30) and putting 
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0, we get induction machine equations [2] in the 


qr dr 
matrix form as shown below: 
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Here, + M 


and + M 


(3.33) 


For synchronously rotating reference frame o) = hence the 
equation (3.29) becomes 
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where, 

or = iflgS 


(3.35) 


The electromagnetic torque for three phase machine is, 

’’e = I i idr - ids ^qP = \ (3-36) 

The 3/2 term which appears in the above expression is the 
result of using a transformation of variables which preserves 
the input power from phase to d-q quantities. 

Using Equation (3.4) and applying the proper equations 
of transformation (Appendix I), we obtain the corresponding 
q- and d-axis currents in the synchronously rotating reference 
frame as shown. 
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For convenience, these currents can be expressed [6] as» 
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Assuming no power loss in the inverter, the power into and out 
of the inverter is identical, so that we get. 


.8 , e •Ox 

+ ''ds ^ds> 


'^I^R ~ 5 ^''qs ^qs 


(3.44) 


The inverter voltage is obtained by combining eqns. (3.39), 
(3.40) and (3.44) as. 


V = (v® g® + vj gj ) 

I TC ^ qs ^qs ds ^ds'' 


(3.45) 
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or, 

'^i = ''qs 9qs + ''L 9ds (3.46) 

where, 

Vi = afs Vj (3.47) 

Assuming continuous current in the smoothing reactor, the 
quantities and can be viewed as normalized dc link variables 
referred to the d-q axes. 

The differential equation expressing the dc link variables 
is expressed in terms of normalized quantities [6] as. 


^r' = PLf')Ir’ (3.48) 

where. 
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Vr’ 

(3.51) 

Using 

equations (3.34), 

(3.39), (3.40), (3.46) and (3.48), we 


obtain the d-q equivalent circuit of a current controlled 
induction motor drive in the synchronously rotating reference 
frame as shown in Fig. 3.6. 

Although, the actual system operates with rectangular 
wave excitation from a high equivalent impedance source, it is 
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well known that the machine stability is determined primarily 
by the fundamental components of machine variables. If the 
effects of harmonics is neglected, then, we have, 

9 L 2 1.0 (3.52) 


Sds- 0- 

whereby, from eqn. (3.39) and eqn. (3.40) 


i = Ir’ 
qs H 


’ds 
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(3.53) 

(3.54) 

(3.55) 


Thus, we observe that the current in the stator q-axis, 

, corresponds to the peak value of the fundamental component 
of motor phase current. The d-axis stator current is identically 
zero during both steady-state and transient conditions due to 
the positioning of the synchronously rotating reference frame 
axes . 


Also, equation (3.46) reduces to 




(3.56) 


with V 
mutual 


assuming the open-circuit value resulting from 
coupling. 


By neglecting harmonics, the detailed equivalent circuit 
of Fig. 3.6 reduces to the simplified equivalent circuit shown 
in Fig. 3.7. 
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Combining equations (3.54) and (3.55) with the equations 
of the induction machine in the synchronously rotating reference 
frame, we get the drive equations as 



T — ^1® — T a. ^ 1 ^ r\i \ 

e 40). qs dr L P r 


(3o58) 


We will use the non-linear eqns . (3.57) and (3.58) to develop 
the linearized model of the drive in the next chapter. 











Figo 3.3 An autosequential current source inverter 



Fig. 3.4 Inverter gating sequence and resulting 
line currents. 
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controlled current induction motor drive in 
the synchronously rotatint reference frame. 
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Fla 3.7 Simplified d-q equivalent circuit 





CHAPTER 4 


ANALYSIS OF CONTROLLED CURRENT INDUCTION MOTOR DRIVE 

4.1 INTRODUCTION: 

In the previous chapter, we developed a complete model 
of the current source inverter fed induction motor. In this 
chapter steady state characteristics of the drive has been 
obtained and compared with voltage source inverter drive. Also 
a linearized model for open loop and closed loop operation 
around an operating point is developed. The linearized model 
is . utilized for stability and transient response analysis 
of open and close loop drives with various controllers. 

4.2 STEADY-STATE CHARACTERISTICS; 

In steady state, in the ^yhchpousjeferencj 
currents and voltages will be constant^ Thus all the deriva- 
tives or 'p' terms in Eqn. (3.32) are zero. Hence the steady- 
state machine equation is described as 
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Solving equations (3.43), (3.58) and (4.1) we get 
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swL_' ^ 
r 


(4.2) 


T =3 1— T ^ 

® “ “e [(r;/s)2 + (X^+X|^)^] 


(4.3) 


Equation (4.3) is the standard relationship for induction motor 
torque. The steady state equivalent circuit is shown in Fig» 
4.1. From the equivalent circuit, we have 


(r;/s)2 + (X^+X'P^ 


(4.4) 



The steady-state slip-torque characteristics for a current 
controlled induction motor drive are shown in Fig. 4.2. The 
parameters for the induction motor used are given in Appendix III 

4.2.1 Comparison of Performance between current source and 
Voltage Source Drives: 


Table 4.1 various formulas which determine the motor 
characteristics are shown for the two types of drives: current 
source type and voltage source type. These formulas are 
derived from eqn. (4.1) and from corresponding equations applied 
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to the motor fed with voltage source inverter with 180° 
conduction. It is noted that the formulas for efficiency are 
the same for both types fel. 

The resulting currents from eqn, (4,1) are used to 
compute the flux linkages [7] from eqn. (3.10). The results 
for the voltage source and the current source supplied motor 
are shown in Figs. 4.3 and 4.4. A comparison of the torque 
speed curves shows that the current source drive results in 
much less torque at low speeds but has a sharp peak closer to 
synchronous speed than the voltage source type. We also note 
that there is sharp rise in flux linkage as the slip approaches 
zero. This results in saturation and high losses in a 
practical machine. Thus operation at full current at low slip 
is to be avoided, 

4,2,2 Linearized Model for Open Loop Operation: 

One method available to study the transient performance 
of electric drives is perturbation analysis about an operating 
point. Small displacement theory has been very effective in 
studying stability [2,5], This theory enables to establish 
linear equations which describe operation of a system for small 
changes about an operating point. 

Each variable is considered to be composed of a steady - 
state and small-time varying component. For example: 



• *i> ■» 
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. e 
"qs 

^qso ^^qs 

(4.6) 

i® 

^dr 

= idro 

(4.7) 

i'® 

qr 

= ^qL - ^iqr 

(4.8) 

“r 

= (0 + Aw 

ro ‘—■'"j. 

(4.9) 


= V* + A Vo' 

Ro R 

(4.10) 

“e 


(4.11) 

Tl 

= 

(4.12) 


These components are substituted into the original 
nonlinear equations (3.57) and (3,58). All purely steady-state 
terms drop out and all second-order perturbation terms are 
ignored. The resulting equations are linear in the perturbation 
variables which allows us to use linear control analytical 
techniques to synthesize the needed control. 

The linearized equations in matrix form are 
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No. r ii..1T.!r.y.y..Z..•... 

4.5 




( 4 . 13 ) 

( 4 . 14 ) 

( 4 . 15 ) 


If both sides of this matrix equation are premultiplied by the 
inverse of the coefficient matrix of the derivative vector, the 
resulting equations are arranged in state variable form. 
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where. 



(4.18) 

Ljl = LL^ - (4.19) 


4.2.3 Calculation of Transfer Function for Open Loop Drive: 

In this study, the Levrrier-Faddeev [27] method given in 
Appendix II is used to find the characteristic equation of the 
system of eqns, (4.16). The roots of the characteristic equation 
gives the poles or eigen values of the system. 

To define a complete transfer function it is also 
necessary to determine the zeros. These are unique to the 
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choice of input and output while the poles are characteristics 
of the system. One method of obtaining the zeroes involves 
transformation of the system equations to the phase variable 
form. Such a transformation is done using a recursive 
algorithm described by Tuel [15] and Rane [16] and is given in 
Appendix II. The algorithm provides a polynomial equation 
whose roots are the zeroes of the transfer function. Thus, 
for a particular operating point and a particular choice of 
input and output, the complete transfer function is found. 

4.2.4 Stability Analysis of Open Loop Drive: 

Only a small portion of the slip-torque characteristics 
is shown in Fig. 4.2. Examination of the characteristics 
indicates two regions of operation - one with positive slope 
and the other with negative slope. The negative sloped portions 
are well known to be inherently unstable. This type of 
instability will be referred to as a static instability. It is 
also possible to have dynamic instability on either portion of 
the characteristics. This is caused by negative electrical 
damping which is highly dependent on the selection of operating 
point and machine parameters. 

For controlled current inverter operation, the steady - 
state operating point can occur on either the upper lower 
portion of the characteristic. For example, if operation is 
constrained such that the machine is never driven into a 
highly saturated condition, operation would be at point A. 



4.8 


Operation at point B, which yields the same output torque, 
corresponds to a highly saturated condition. For low torque 
and rated flux conditions, the steady-state operating point 
would be on the upper portion of a low current magnitude 
characteristic, for example, at point C which is on the stati- 
cally stable side of the = 40A characteristic. 

The open loop system shown in Fig. 4.5 is described by 
equation (4.16) for small disturbances about a steady-state 
point. For a specific input two of the three elements of [ Au] 
are set equal to zero. The transfer function is obtained in 
factored form. Stability and transient response are immediately 
apparent from the pole-zero locations. 

If open-loop operation is attempted by applying an 
uncontrolled rectifier voltage and by commanding a constant 
inverter switching frequency ( no current or slip control), the 
drive will be unstable. We examine the transfer function 

AVj^. The transfer function for open-loop operation 
corresponding to four different points are given in Table 4.2. 

It is seen from the Table 4.2 that the system is 
dynamically unstable at all four operating points. This type 
of instability results in one right-half plane pole in the 
linearized transfer function. In addition, for unsaturated 
conditions with sizable torque output, the system is also 
statically unstable which results in a second pole in the 
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right-half plane at point A. Therefore closed-loop control 
is imperative for stable operation. 

4.3 CLOSED-LOOP CONTROL ANALYSIS: 

On examining equation (4,17) we see that two control 
variables are available for system stabilization. These 

i 

system inputs are the rectifier voltage and the frequency 
command to the inverter. We will now study the improvement 
in stability provided by the particular feedback. 

4o3.1 Slip Frequency Control: 

With slip frequency control, incremental changes in 
rotor speed are related to incremental changes in electrical 
frequency by the constraint 

AUg = (4.20) 

Slip frequency control forces electrical frequency to change 
in response to rotor speed, which tends to maintain a constant 
angular displacement between rotor and stator MMF's during 
both steady-state and transient conditions. 

The system for slip frequency control is described 

by 

p[Ax] = [A] [ax] + [B] [Au] (4.21) 

where, 

[Ax]* = [ Ai'® Ai^® ] 


(4.22) 
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[A] = 


The matrix [B] remains unaffected. 




AT^] 



Mr^ 
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Lj. 

4 

MR 




^1 
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«“slo 

~~ir~ 

r 

“slo 

-r * 
r 

-r; 

0 

3 

^ J 

0 

, P^Mi® 

3 qso 

8 J 

0 


(4.23) 


(4.24) 


If the closed-loop operation is attempted by applying an 
uncontrolled rectifier voltage and by controlling the inverter 
switching frequency (no current control but slip control), the 
drive is stable in positive slope portion only and unstable in 

negative slope portion. This is seen by calculating the 

/ . 

transfer functions Alp,'/ or — . The transfer functions 
for slip control corresponding to four different points are 
given in Table 4.4 and Table 4.5. 

We see from the table 4.4 that the system is dynamically 
as well as statically stable in positive sloped region because 
all the eigen-values of the system are lying in the left-half 
plane at point A and C. The system is dynamically as well as 
statically unstable in negative sloped region because of two 
eigen values of the system at B and D are lying in the right-half 
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plane. Thus we see that there is improvement in stability 
with slip control compare to uncontrolled open loop operation. 
Although this type of control has a stabilizing effect, it is not 
capable of ensuring stable operation under all operating 
conditions. 

4.3.2 Independent Current and Slip Frequency Control using 
Proportional Controller: 

To obtain steady-state current control along with 
improved system transient response, the rectifier voltage must 
be constrained to respond to the error between a commanded 
value and the actual value of the dc link current. A proportional 
controller is used for this purpose. The rectifier voltage 
can then be expressed as 

AVp^* = Ki (AI^*- (4.25) 

The system matrix equation including the slip frequency and 

current magnitude control using proportional controller shown in 
Fig. 4.6 is 

pCAx] = [A] [Ax] + [B] [au] (4.26) 

[Au]^ = [AtOgj^ ^ 


where. 


(4.27) 



4.12 



where R* = R + K1 


And for frequency control the matrix A becomes 
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regulator. Hence, 

AI^* = Kj ( ( 4 . 31 ) 

Using equations (4 .25) and (4.31). we get the matrix equation 
for the system shown in Fig. 4.7 as 

p[Ax] = [A] [ax] + [B] [ Au] (4.32) 


where 



[ Au]^ = [AWg AW* ATj^ ] (4.35) 
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The transfer function for independent speed and slip frequency 
control is obtained by replacing by in the independent 
variable vector E^u]. Also the column of matrix A associated 
with w is changed to correspond to w , = o) - o) . Thus the 

w JL 3 1C 

matrix A is 


[A] 
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^“slo 
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3 ^ ^^dro 
8 J 
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slo 
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-MLr'^^o 


r ro e 
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P% i® 
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8 J 


qso 
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(K^M f 
L, 
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(4.36) 


AOO 

The transfer functions 


and 


A W 


have 


-e - -"si 

been calculated and are shown in Tables 4,10, 4.11 4.12 and 


4.13 


We observe that the system is dynamically as well as 
statically stable under all operating conditions as all the 
eigen-values of the system lie in the left-half plane for all 
the four points. 
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By looking at the location of the poles of the system 
we see that it is relatively more stable than independent 
current and slip frequency control. 

4,3.4 Independent Speed and Slip Frequency Control using 
Proportional Plus Integral Controller: 

We now use an integral plus proportional controller 
to give satisfactory speed of response with zero steady-state 
error. The current magnitude is set by the error between the 
reference speed and actual speed through a proportional plus 
integral controller. Hence, 

( 1+pt) 

(4.37) 

To include the compensator in the analysis, a fifth state 
variable AQ is defined. AQ is defined to be the output of 
the integral controller, that is 


AQ = ^ - AcOj^) 


The reference current can then be expressed as 


(4o38) 


AI^* = AQ (1 +-&p) (4o39) 

Using equations (4.25), (4.37) and (4.38) we get the 
system matrix equation for integral plus proportional 
controller shown in Fig. 4.8 in the state space form as 


p[Ax] = [A] [Ax] + [B] [Au] 


(4.40) 



4.17 


where, 



(4.43) 
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The transfer function for independent speed and slip frequency 
control with PI controller is- obtained by replacing by 
equation (4.20). Thus the matrix A for the system is ■ 



(4.44) 


The transfer function Ao)^/ Aw-j/AUg and ^“sl 

four different operating points are shown in Tables 4.14, 4.15, 

4.16 and 4,17. 

We see that all the poles are lying in the left half 
so that system is stable under all operating conditions. 


plane 
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4<,4 EFFECT OF CONTROLLER GAIN ON STABILITY: 

The location of poles and zeroes depend on the operating 
point as shown in Table 4.2« When the controller gain is 
increased, the system may or may not be stable for all values 
of gain. The root locus for the transfer function AI*/ AI'* 
corresponding to point A is shown in Fig. 4.9. As the gain is 
increased, the pole in the right half plane moves towards left- 
half plane and crosses the imaginary axis at = 1.25. So we 
see that though the open-loop system is unstable but the close 
loop system is stable for the values of gain greater than 1.25 
corresponding to point A. 

The Fig. 4.10 shows the root locus for the transfer 
function AI^/ AI^* corresponding to point B. As the gain is 
increased the system becomes stable at equal to 1.2 because 
all the poles lie in the left-half plane. It becomes unstable 
beyond equal to 1.4 because one pole always lies in the right 
half plane. 

The root locus for the transfer function Aoj^/ Aw* with 
proportional plus integral is shown in Figs, 4.11 and 4,12. 
Corresponding to, point A and B we see that the system is stable 
for all values of gain. For large values of gain the system 
corresponding to point A is more damped than corresponding to 
point B. 
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For a particular of gain the system may or may not be 
stable various operating points along the steady state curve. 

So adaptive controller may be used for operating in the whole 
range of torque-slip characteristic. 

4o5 COMPARISON OF TRANSIENT RESPONSE FOR VARIOUS CONTROL METHODS; 

The Table 4.18 show.s the rise timet delay timet percentage 
peak overshoot and setting time of different controls methods. 
It can be seen that open loop transient response is fast but the 
percentage peak overshoot is high and system is very under- 
damped. With the help of proportional controller the system can 
be made over-damped or critically damped by varying controller 
gain. The transient response corresponding to transfer function 
Aoj^/ Aw* with proportional plus integral controller has smaller 
percentage peak overshoot compared to open loop operation and 
its rise time is lower than the transfer function corresponding 
to A Ift/ Alf^. 
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TABLE 4.1 

COMPARISON OF PERFORMANCE FORMULA BETWEEN CURRENT 
SOURCE AND VOLTAGE SOURCE DRIVES 


Current source type Voltage source type 


Torque 


3 


e2,2,.2^ 2 

r'^+S^w^Ll^ 

•I* Jl 


^2 

18 


Sw^M^r^' 


( r^ r^sA^L o) 2+w? ( r ‘ L^+Sr^L • ) ^ 


Efficiency 



S(l-S) w2 ^2 , 

^ P 

r (r’2 + s2(i)2 L'2)+ Sw^ M^r ’ 

S P ^P ^ P* 


## 


Mechanical output 
Input 

(Iron loss neglected) 


where o 


1 - 


M^ 


LeL^’ 

s r 
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TABLE 4.2 


OPEN LOOP TRANSFER FUNCTION FOR UNCONTROLLED 


OPERATION 

AT 

c 

= 50 Hz. 




Point 

Slip 

Ir 

(A) 

T 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-lo46H[pic79 

-2o21 

-28.554^50.41 

37.42 

-2.31 

B 

0.02 

60 

62.27 

-6.11h|L6.1 

7.1 

-22|26.9 

11 ijii.i 

C 

0.002 

40 

18.31 

-1. 36:^1. 9 

-2.4 

-21.994j33.9 

24.55 

-2.56 

D 

0.033 

40 

18.44 

-5.39+jL3o2 

5.7 

5.8 + jl8 .7 

-20.5 


-13.2 
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TABLE 4«3 

OPEN LOOP TRANSFER FUNCTION aw^/aw^ FOR UNCONTROLLED 
OPERATION AT = 50 Hz. 


Point 

Slip 

Ir 

(A) 

Te 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-i2.23 

-28.64j50.4 





-1.18 

37.42 






-2.3 

B 

0.02 

60 

62.27 

12.52 

-22:^26.9 





-1.3 

llH^lol 

C 

0.002 

40 

18.31 

-2.4 

-21.99:^3.9 





-0.38 

24.5 






-2.56 

D 

0.033 

40 

18.44 

37.9 

5.8j^8.7 





-0.4 

-20.5 
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TABLE 4.4 

TRANSFER FUNCTION Al^'/ FOR SLIP FREQUENCY 

CONTROL at = 50 Hz. 



Point 

Slip 

Ir 

(A) 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-2.56jp.94 

-3.59+J10.7 

-13.3 

-1.48 

B 

0.02 

60 

62.27 

-2.564i6.3 

•i 

1. 6:^18. 7 
-23.02 

-2.24 

C 

0.002 

40 

18.31 

-2.56:p.63 

-18.2 

-1.62:^‘6.8 

-0.57 

D 

0.033 

40 

18.44 

-2.56:p.0.37 

4 +j4.9 

-29.3 

-0.7 
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table 4,5 


TRANSFER 

CONTROL 

FUNCTION 

AT = 

e 

A 

50 Hz. 

“si 

SLIP FREQUENCY 


Point 

Slip 

It' 

( m ) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

125.62 

-2.29 

-3.59:^0.69 

-13.3 

-1.48 

B 

0.02 

60 

62.27 

137.34 

12.3 

1.63h^8.66 

-23,02 

-2.24 

C 

0.002 

40 

18.31 

84.91 

-2.52 

-18.18 

-1. 62:^6. 98 

-0.57 

D 

0.003 

40 

18.44 

88.75 

36,15 

4,01:^0.86 

-29.34 


-0.67 
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TABLE 4.6 

TRANSFER FUNCTION WITH INDEPENDENT CURRENT 

AND INPUT FREQUENCY CONTROL AT = 50 Hz. 


Point Slip Ir K, Te Zeroes Poles 

•y (A) (N-m) 


0.003 

60 

1.3 

57.7 

-1.464^1.8 

-2.21 

-143.1 

-6o03j^7.04 

-0.91 

0.02 

60 

1.3 

62.27 

- 6 . 1 ^ 6 .! 

7.1 

-148.8 

—3 .06^8 . 1 

-1.2 

0.002 

40 

1.3 

18.31 

-1.3j^l.9 

-2.41 

-148.6 

-2.74^2.6 

-2.14 

0.033 

4.0 

0.8 

18.44 

-"•4f3.2 

5.66 

-99.8 . 
-2.164|L4.45 


-0.36 



TABLE 4.7 
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TRANSFER FUNCTION ^ w^/ Aw^ FOR INDEPENDENT CURRENT AND 

INPUT FREQUENCY CONTROL AT f = 50 Hz. 

e 


Point 

Slip 




Zeroes 

Poles 

A 

0.003 

60 

1.3 

57.7 

-9.92 

-0.86 

-143.1 

-6.03h^7.04 

-0.91 

B 

0.02 

60 

1.3 

62.27 

17.3 

-1.71 

-148.8 

-3.06jp.l 

-1.2 

C 

0,002 

40 

lo3 

18.31 

-49.51 

-2.2 

-148.6 

-2. 7:^2. 6 
-2.14 

D 

0.033 

40 

0.8 

18.44 

43.34 

-0.96 

-99.8 

-2.16jJL4.45 


-0.36 
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TABLE 4o8 


TRANSFER FUNCTION A Ij^'/ A WITH INDEPENDENT CURRENT 

AND SLIP FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 
AT fg = 50 Hz. 


Point 

Slip 

^R 

--(A) , 


T'e 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

lo3 

57.7 

-2. 56:^. 94 
-0.0001 

-149.9 

-2.48:!j2o8 

-1.2 

B 

0.02 

60 

lo3 

62.27 

-2.56j^.28 

-150.0 

-2.37jj9.3 

-1.3 

C 

0.002 

40 

lo3 

18.31 

-2.56:^0.63 

-0.0001 

-150.8 

-2.48^.24 

-0.31 

D 

0.033 

40 

0o8 

18.44 

-2.56;^0o37 

-100.26 


-1.9+jl4.88 

-0.39 
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TABLE 4.9 


TRANSFER FUNCTION FOR INDEPENDENT CURRENT 

AND SLIP FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 
AT = 50 Hz. 


Point 

Slip 

•Id 

(A) 


Te 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

00 

• 

57o5 

-9.92 

-0.86 

-149.95 

—2 . 

-1.18 

B 

O.OP 

60 

1.3 

62.27 

17.27 

-1.7 

-150.03 

-2.37jK9.3 

1 

-1.31 

C 

0.002 

40 

1.3 

18.31 

-49.5 

-2.2 

-150.8 

-2.5:^'2.24 

-0.32 

D 

©.033 

40 

0.8 


43.34 

-0.96 

-100.26 

-1.94^4.9 

-0.39 
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table 4.10 


TRANSFER FUNCTION A A FOR INDEPENDENT CURRENT AND 
FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 



f = 50 

Hz, 

11 

• 

K 2 = 1 


Points 

Slip 

Ir 

_1A) 

Te 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-2.56:i^o9 

-137.3 

-1.6 

-8.64p.2 

B 

0.02 

60 

62.27 

-2.56:^9.25 

-142.9 
-2 .27:^8. 2 
-8.56 

C 

0.002 

40 

18.31 

-2. 56^. 7 

-146.1 

-3.86:^12.7 

-2.25 

D 

0.033 

40 

18.44 

-2.56:^4.88 

-148.67 

-3.2±jL3.75 

-1.03 
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TABLE 4 oil 

TRANSFER FUNCTION -A w^/ A w^ FOR INDEPENDENT CURRENT AND 
FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 

f = 50 Hz, = 1.3, = 1 


H9 

Slip 

(A^ 


Zeroes 

Poles 

A 

0.003 

60 

57.7 

-6c5 

-2.2 

-137.3 

—8 .6+5 .2 
-1.6"^ 

B 

0.02 

60 

62.27 

12.61 

-6.7 

-143.0 

,-2.27:^8.18 

-8.56 

C 

0.002 

40 

18.31 

-3.92 

-2.4 

-146.1 

-3.9+jL2.7 

-2.55 

D 

0.33 

40 

18o44 

38.05 

-4 c 05 

-148.67 

-3.1j^3«75 

-1.03 
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TABLE 4.12 

TRANSFER FUNCTION A w^/ A 03^* FOR INDEPENDENT CURRENT AND 
SLIP FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 

f = 50 Hz, =1.3, = 1 


Points 

Slip 

Ir 

(A) 

Te 

(N-m) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-2. 56:^. 9 

-144.7 
-2. 52:^. 94 
-6.36 

B 

0.02 

60 

62.27 

-2.56j^9.24 

-144.35 

-2.44jj9.39 

-6.86 

C 

0.002 

40 

18.31 

- 2 , 564^.7 

-148.4 
-2 .08:^. 48 
-3.59 

D 

0.033 

40 

18.44 

-2.56j^4.9 

-148.8 


- 1 . 9 :^ 3. 6 


-3.26 
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table 4.13 

TRANSFER FUNCTION Aw^/ Aw^j^ FOR INDEPENDENT CURRENT AND 
SLIP FREQUENCY CONTROL USING PROPORTIONAL CONTROLLER 

f = 50 Hz, = 1.3, = 1 



A 0.003 60 57.7 -9.92 -144.7 

-0.86 -2. 52:^. 94 

—6.36 


B 0.02 60 62.27 17.27 

-1.71 


148.4 
2 .06;^ .48 
3.59 

D 0.033 40 18.44 -50.36 -148.85 

-1.99::gl3o6 
-3.26 


C 0.002 40 18.31 -49.51 

- 2.2 



41.16 
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TABLE 4.14 

TRANSFER FUNCTION Aw^/ WITH INDEPENDENT CURRENT AND 

FREOJENCY CONTROL USING PI CONTROLLER 

Frequency = 50 Hz, = 1.3, = 1 . 0 ,T:= q.I 


Points Slip 


A 

0.003 

60 

-10.0 

-142.6 




-2. 56:^. 9 

-6.2+j7p2 





-0.57+j .74 

B 

0.02 

60 

-2.56jj9.25 

-148.25 




9 

-10.0 

-3.1+j7.97 

-0.84h^.5 

C 

0.002 

40 

-10.0 

-148.37 




2. 56:^. 71 

-2.8h^2.7 




d 

-2.1 





-0.09 

D 

0.033 

40 

-2 .56:^4. 9 

-150.9 




-10.0 

-3.34^3.9 

0.73h^.46 


TABLE 4.15 
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TRANSFER FUNCTION Aw^ WITH INDEPENDENT CURRENT AND 

INPUT FREQUENCY CONTROL USING PI CONTROLLER 



Frequency 

= 50 Hz 

, = 1.3, 

^2 = 

(S 

II 

o 

.0 

Points 

Slip 

-(g) 

h-r.) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-9.92 

-142.6 





-0.86 

— 6 .2H;^7 o2 





-0.0012 

-0.57+;j .75 

B 

0.02 

60 

62.27 

17.3 

-148.25 





-1.71 

-3.1+j7.97 






-0.84:^. 5 

C 

0.002 

40 

18.31 

-49.5 

-148o4 





-2.2 

-2.8+iL2.7 





-0.001 

-2.1 






-0.09 

D 

0.033 

40 

18.44 

-50.36 

-150.9 





41.16 

-3.34^13.9 


0.74io5 


4.36 


table 4.16 

TRANSFER FUNCTION A WITH INDEPENDENT CURRENT AND 

SLIP FRECXJENCY CONTROL USING PI CONTROLLER 

Frequency = 50 Hz, = 1.3, K 2 = 1.0, = 0.1 


Point 

Slip 

- 


Zeroes 

Poles 

A 

0,003 

60 

57,7 

-10 

-2o56jj2.9 

-149.5 
— 2 . 5^^^ . 8 
- 0 . 8:^. 2 

B 

0.02 

60 

62.27 

-2.56+9.25 

1 

-10 

-149.5 
-2.364j9.3 
- 0 . 9+^.1 

C 

0.002 

40 

18.31 

- 10.0 

-2,56jj2.7 

-150.6 

-2,57:^2.23 

-Ool8j^.7 

D 

0.033 

40 

18.44 

-2.56j^4o9 

-10 

-151 

-2, 23+^3. 3 
— Oo29h|^ 068 
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table 4.17 

TRANSFER FUNCTION INDEPENDENT CURRENT AND 

SLIP FREQUENCY CONTROL USING PI CONTROLLER 



Frequency = 

50 Hz, 

= 1.3, 

= loO, Z = 

0.1 

Point 

Slip 


h-r.) 

Zeroes 

Poles 

A 

0.003 

60 

57.7 

-9.92 

-149.5 





-0.86 

-2. 48:^2. 8 





-0.0013 

-0.82;i^.l7 

B 

0,02 

60 

62.27 

17,3 

-149.5 





-1.71 

-2, 4:^9. 3 






-0,9:^. 14 

C 

0.002 

40 

18.31 

-49.51 

-150.6 





-2.2 

-2.58:^2.23 





-0.0001 

-0.18+1.7 

D 

0.033 

40 

18.44 

-50.36 

-151.0 





41,2 

-2.23+13,5 






-0.3+1. 7 


4o38 


table 4.18 

COMPARISON OF TRANSIENT RESPONSE FOR VARIOUS CONTROL METHODS 

= 1«3, K 2 = 1, T= 0.1 


Transfer 

Function 

Point 

Rise 

time 

(sec) 

Delay 

time 

(sec) 

'A peak 
overshoot 

Setting 

time 

(sec) 


A 

0.091 

0.06 

85;^ 

1.1 

Zil^/ 

A 

2.3 

0.45 

Overdamped 

4.8 


B 

2.6 

0.8 

Overdamped 

4.7 

AIJ/ AI'* 

B 

1.7 

0.68 

Overdamped 

3.3 

A u) / A 0)* 
r r 

A 

1.15 

0.62 

2.5?< . 

2,4 

with speed 
regulator 

B 

2.5 

1,5 

Overdamped 

3.0 

A (j)^/ A 

A 

0.95 

0.4 

31A 

6.0 

with PI 
controller 

B 

0.9 

0.5 

2SA 

5.7 




Fig* 4*2 Steady-state controlled curve induction motor 
characteristics o 
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Fig. 4.5 Open Loop System 
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Fig. 4.8 Independent speed and slip frequency control 
using proportional plus integral controller. 
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= 60A) f = 50 Hz. 


4 ^ 4-6 



Fig. 4.10 Root locus plot for 

slip = 0.02 
= 60A; f = 50 Hz. 
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CHAPTER 5 


CONCLUSION 


The steady-state characteristics of an induction motor 
fed with the current source inverter differ considerably from 
those for the same motor fed with the voltage source invertero 
It was shown than current source inverter fed induction 
motor has certain advantages over the voltage source inverter 
fed induction motor. 

The feasibility of developing controlled current 
induction motor drives using transfer function techniques has 
been studied, A dynamic linearized model was used as the basis 
of the transient response study. Open-loop operation is 
statically unstable for negative sloped portion and dynamically 
unstable for all operating points of the steady-state 
characteristic. 

A systematic study of several controllers in a current 
source inverter fed induction motor drive and their effects on 
the dynamic response and stability of the system has been done 
in the current work reported in this thesis. 

It has also been shown, that, independent current and 
slip frequency control is capable of stabilizing the drive 
system for all operating points. The drive system using speed 
and slip control is stable for all values gain for a given 



frequency. The improvement in transient response was observed 
with closed loop operation compare to that of open loop 
operation. 

It was shown that the system may or may not be stable 
for various values of gain , and use of adaptive controller was 
suggested. There exist essentially two approaches, namely 
identification and control (which is mainly digital) and the 
other is model reference adaptive control (which can be analog 
or digital). The main problem in identification and control 
is, that, one has to do on line identification and drive systems 
are not all that slow to allow this kind of control. However, 
work is to be done in this area. In model reference adaptive 
control one changes the controller parameters of the actual 
system in such a way that the system behaviour conforms to the 
reference model behaviour. We do not see simple solutions in 
this case. However, this area needs to be explored. 

In the present work, we developed a broad base for 
analysing controlled current inverter fed induction motor. 
However, we could analyse the stability and transient response 
for independent current and slip control. The same analysis 
can be extended to flux control as well as to field oriented 


5.3 


control. The model developed can be used to determine 
stability region in the parameter space. Use of adaptive 
control viz. identification and control or model reference 
adaptive control should be studied. 



equations (3o2), (3.3) and (3.4) into (AI.l), and again 
substituting the resulting equations into (AIo2), the 
fundamental components iqg^^f ^cisl* harmonic 

qsn* ^dsn 


components i , ij are described as 


i = al3 T 

^qsl IX "^R 


•dsl 


0 


(AI.3) 


qsn 


"dsn 


n cos(n+l)a)t, 

n ^ ^R (n-l)(i)t, 

“ sin(n+l)wt, 

n ^^R (n-l)wt. 


H—'S •• ^ f # 


n — T f X3 f • • • f 


n==5,XX t • • • f 


jfi — *7 y X3 f « • # f 


(AIo4) 


(AI.5) 


From (AI,4) - (AI,5), we get eqns. (3,37) and (3.38] 



APPENDIX II 


State-space representation of the system is represented 
in the state-space form as, 


= Ax + Bx 
1 = Cx 

Assuming zero initial conditions, we get 


T(s) = = C(SI-A)"^ B 


T(s) = 


P + 

^n-1 


PfS + pQ 




where pjs are the coefficients of the numerator polynomial 
and a|s are the coefficients of the denominator polynomial. 

Consider the constant nxn matrix A with characteristic 
polynomial . 

det (SI-A) = S” + + ... a^S + 

Then the resolvent of A can be written as 

= det(SI-A)" 

where the matrices are given by 

■ ■ n ■ • ■ • ■ 

R. = E a. A^”^; i = 1,2,... ,n 
^ i=l ^ 


0 



II. 2 


with = lo The coefficients and the matrices i=l ,2, . . .n 
can be obtained through the following algorithms set 


then, 


^n = 1 


%-k ” ^^^n-k+1^ 


R 


, = a , I + AR 
n-k n-k n- 


k+1 




n_lr 


C R_ . B 


r Rv Tiiol anH Ranol 


for K = for K = n, we have R^ = 0 

n 

where tr(M) = E . . 

i=l 

This algorithm is known as Leverrier’s algorithm. It 
is also as Sourian's method or Faddeeva’s method. The fact 
that R^ = 0 can be used as a numerical check. The algorithm 
is very convenient for a digital computer. The algorithm is 
relatively sensitive to round-off errors, and double precision 
is usually employed in the computations . 
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FUH.4ATC|6Xii 'tHE FOliES Up THE rKAHSFEH FUHCTIOW ARE',/) 
«RrfE’<4i,7A) (!<E2^(M3,1 *^ZUO,NsI, 4) 
f .)K ■lATClOX.^Fih.l) 
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aU«800Ti»E aafWFCA, lA,0f ia,C,lC#Nf HDMK,DgN,,INUMrXFAllf3 

. «UP5:'6fb?;Ctl,4ntMPU.4..U,T„,2(ia.,-.(4,4, 
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-2.S623 
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1 'i K t I I , 4 ' J » 

HB.').;/' i-( ' I'HS: l»J IS',/} 

;;*■ jhj t cbc.j, k ) , f.sA , 1 ) , ,^=i , 4J 

C{ 5 , 1 J?CU r2JsO;ClX,3l=v?C<'ilf 4^=1 
i'f'H w 4 

^iJW.'lAl’(2uX, * I'.iE MA'^'KtX IC 3 iS',/) 
n< titftt '41 r '/ < J n C t '■! . K ) , Kci 4) , r^sl , i J 

<;aI«L rf'l/' , '4,B <l,r,l,4,NUMK,UEi^, rfAit.) 

"•Ki reui , in 

KbWinATC A , ''*'h!’’ rofc’E J,CA*";N I'.S ar THg; nUM TRA^iJSF^:N EUWC',/) 

’AR 4 IE 1 1 3 , 1 U c V*' 'sRl U , I*} » X'-IUM ) 

1 TC t 4 1 f i*/ I • ' ■ 

KuKi'iA'K iuX , ' f'ijE CUCfTCiENT OF THE D^N IN Tt’E r*< Ai'^SFi^R 
•A?RflC(41 ,ii 3 (.iK4(l),Ial,!>) 

FijKMATf/n.X 5.6)) 

WKilfc(4n ) 

FORMAT ( 1 X, 2 (// X ///////) ) 

CaMI. Fy^AP^-’U^ 4, '»,RH,R1, J MTERFfO) 

WRJTECAI , 4 ! 3 

FuRMA'K il'A» ' TKP'. POtilLS Uf i'HE MATRIX lAJ ARE',/) 

WK!TE(4i,8 U tR,.;C.'4),RItn),N = ). ,4) 

FUKMAI(3i)Ar2FiF,l) , , „ „ , 

CaLE CU2AFFU’EN,5,ReZ, IMZ,TQIj,0) 

FURmItC PUf^ES OF THE fHANSFEH FUPICTION ARpl',/) 

wKirec^ii'/y) cRezcH),iMzui),Nai,^3 

CAliL*C02A|^(5S5|?iflUM,RZ,IZ,T0U,U) 


!'u 10 I 
IFCBdVi 

CDHTlfO'E 
HETUFU 
00 20 1 * 


9 *0) auto 36 

^5 








U 24 '«* 5 : 

nl.OF. fHE 


i'iit; rf..'i.cp’rp fnf.!CTTo'' WR/i'iR» USiMG p cnK!TROLt.f;P 


‘■'nro 
. . u '>(.*! 


nilR ruRR Gl 

30 fio.v'ooo 1 , 30^0 
T.iF M^vfRTX lAin IS 

c.ov),': '^.eie? . 0 


^'2 

1 . t'OoO 


TtiF >’I.TS;TX tnj J?; 
-R, 51 M 
n,'>, 0 . 

G.Rlfva 


P,(il 5 o 

fj,O408 

2 .RJ 67 


o,,yc) 0 () 

0 , W 0 0 t'J 

(• ,0 0 0 u 

1 ,'Oaot; 


yohTUgE 

16 S,H 

' !;!'i.^‘A'if,. ;..■> ; 


rjS^ST^AoV STATE 

npFRftTTi^iG POTnT 
TORQUE 

IS 


•7.2t 19.70 

57,70 



THF matrix 

tA3 IS 

„ 


-1 4:7.. 17 9. .» 

3,0843 

-474..R097 

-164,0913 

U6.0165 

i'V ■ « 6 , 1 4 7 2 

437.2607 

iSU4403 


0.9^25 

-2,5623 

: 0,0000 


O.OOOq 

18.0174 

/ ' ' ' O’.OoOO 







(>■ Of I’Hc; ;4ATPXK f/J ARf: 

I '1,6 97 8 y.’ii.'.o* 

-'^5177 2.9374 

-2,5177 -7,‘^374 

«6,3552 

• \r Of Tf^^* I’RA’^SF'ER Fu^'-IcTiOm ^Rg 


■1 U. 69751 

'•2, 5177 

**?*14P 

^55 2 


0,G<:Oli 

•?,9i7i 

2.9374 

a c»6oi 


MF 7KR3FS 5f f.li.' THAsSggR ■'f'rifC'rTaM ArF 


-'’.5b'’3 

"■^. 5.423 


-2,«8H3 

2.98fi3 



1.1. I ) 

r,j n!- I s 

t):‘f Al’c.u. a-sr.Hl 1) ? .GT, tFS ) Gn'l'U 2 2 

I , ( ' i .,1 s: ;; 

“'li /y .1 5s ( 

+ J 

' , . I i » u t 

«■' ''k:i r**An£(A,iA,fi) 

*'»M> A( 4 ^ ) 

Hi) Tsl , ■ 

f'»ACF='ritn::^+-A(. 1,1 ) 

(•U.Tr'TNiir, 

I’tiurA 

Kvil) 






/•n = r,5 4i»L/CI,|Aa,5S=2iC«*8£<fyC 


i >■■ 

•A 1 
,1 f / 

', 5 

' i. ’• ,. 

V t t' 

i r 

-■- . M 

v; i >* , 

'i i 

i«' i * , 

*»<;■/ 

ii . 

’//'! ’ 
l.'' <c . ■ 

-V. *' . 

‘»<i A M 
l/ / U ¥ 

4 ' 

W 4 SJ . ^ 

Wii i. 

>-? i 'i .j ,f 

> } S 

t!' 

« 4*^ '-1 

i b 

If i f . i.' 

. » 

u' 4 S' ^ !4 

li <* I i-?l 
*•.» 

y •* 3 . V 

*414 1#'‘* , 

y ■ ^,4 

.1 ^ V: 


t ^ <'f f. ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 4'* ^ ^ ^ ^ ^ ^ ^ ^ V ’ ■'r » ' r • T' ' « ■. -f- . f « I 3 "r ® 'ir- I < ’ ' '»■ ’ 

! i*s e’RycUUh Gfc-'IS 'i'Hk. ThAuSFKi^ fUijCrXU''iS , "'KA.G 

■■■'i’'il iKoepEwngN'f srEfc^J ANq rKeyilKHGjf CUNTafU, JSifli; (•Ruf’URl Ui^Af 
l’u";> IRfCGRAI. k^KUpaKTiauAL. Cl»Nl*ftObr..ER. U' ALSO DK I’GRO InRa iMlE 
iMLi:.S ARD ZEROES l)E ThE AS'iS/E I'KAnSFEH FHuC r tO^S » 

*i.¥rlfi^t¥til!iif^$.*^4it.*^*4ii^t.*t**’H.*^’r:^.*******^**'^¥*V****-**’>f*-***V*^ 
iUMEflSX-XW AC5,5) ,,,-KSPCK(^) ,E'.4f 4^ ,GCA/i ) ,oC 4, U 
Ui.iELSI JM RKt5 ) r ‘<IX5> , AAX 4, .» ) ,Bl,( 4f I ) 1 ) . 

!) i s^EM SUL Z 1 1 j - Inx-EgE C 5 ) r C I U ^ J , '■>!] "nU 9 J , pLti t L ) 
iJi-^LLSlDM Ri-:ZiS),IM/,(5),KZ(5) ,lZCS),tUb,hj 
li! fi? 

OAK ■i(Uf4iT=4b,oetfICEss'!)SR' . K 1 0^ = ' I .^PL!T , 0 AT ' > 

!’aK .f u'-' (Tsb-DEViCE='nSE'f FXLEs'ERROR.UAT ' ) 
i'.PI' . ( J:, £Ts'tl,oEViCEs'uSK^ ,l‘’iLSS''njTpil I'.uAT J 
u'LAiK ) (.(EUA,N),0*lf4UXA»l<.4) 

*0,#) aut IB.M) r it^=X r r 'I*'! ' X ) 
l.'iaAUOsS* lC=ifu = 5 
F.l=:!>^.^-ClH«bb:S«U. .y‘)4?utal,3 
RtAiXaS,*) kO,S,Cl.R,tl,L^/t’2 

b1 

■i^lSe,(.Q5,¥) Fa,S,QlA,bi,l<2,T/ 

^;UrE(4i,9X) , 

FJRIATdX, ///////) 

r!-iRrjvf*(i6*^^^«4**»4»«»***»*»^»»'***4’^»^*'*'*^****»***’*'^***^****’'‘' ' 

EOjiyAici^Xe^Trifi TRANSFER FtMCllQN WR/yi/R* USl?IG pT CQMfRuLLER', 

f 5*V^A ftiSXe^FRfia' #*iXf 'SliXP* »«&Xr 'CUH' f 6X , 'Gl'/8X,*’G2'',a’X|.'’T7',/ 
4ftU’Et4i-9S) Fy«S,CiA,Ll,L2,T2 


> ,■». <: t sf! !H 


r jR;SAruoxe’'?Hau ,oAf f 
4ftU’Et4i-9S) fy|S,CiA,Ll,L2,T2 

CR s«i f //^*2 * f H 


I, -V. V „ 1 ^ ’ 

( ,i' •f-‘';i‘ffei'-'M}'' 


‘,;''^;v' 

.» 1 > ft >4 !. 


L58fty ' C 

W&V „ » 

WbU.;'* '19 

■n^ \ •■' 

i' • f 

> I .. 

«A»a .o 


lUSMr.mUlmV »»*4,U?«8«6U.Uf6.28 32ME = 6.7832fFy^5a»0.31 

RS39.3T3R;R2»y-54v/H;SL*5.7i>l.»/*<!3FKLsb,yy28/W0?LM-b*o4/4B 

i»:ijisr44iffra:5nr/i.p.c3*c=s 

[fiiJ ts',^> 


IMm 

ijilpll 

mtttuyi 

•itsr li 

sii'iiki 


^WATrIX [AUJ If'f^L 

f UjS^) ,Wsl,4),IAsi,4) 


mm X -C'Bif, I ?* ) I ^ 

U#AS=*U4) 

state OPSHATIMS POINT *1f^*$**’***k>ff**: 
ITHe ,8feA0fSfftfE^0P|RA|lNS POINT Ii|5) ■ ''"' /. , 

,€oEi.#|b3iA8H£l!i»K#!I-g«0%5x^:TORaOE^r^*'^) ' 


•*' • K .1 .'■< r f i T -.ff, £ r ., k . 


■•' = ‘i^uS 

is'* 








■X 'v t 'i » .'M=L; A(4 , j;|»f‘,}j 414, 1 ,42*^|A'C4y •„ .; 

\iXl i j “ o** s* ^M'Siiitif I t A;'£ '..''vt- 





V VR V tM f IS. » , ^ = i , 3 j f I'i-i (- a / 

UfUX.5fl4.4f/) 

f I ) Sbl *Hlf /Cl*? H ( ■/ , I ) s«l. 1 »CW / CL ? fi C .U I ) I R C 4 , 1 ) so 
, 1 } sHlf/CL ! B I 2 f U s-C^/Cb ? 3 1 3 f 1 ) =0 ? 0 ( 4 , 1 ) =0 

f l)s;??3f 2rl »*-Ut J, i J ?BC Jf 1 )*(CM*C«S+-t^tUD(2, 1 ) )/‘’«UhC4,1 ) 


.. / ^ 

,, , ,. 

/ i 

(' u" 

‘‘^id 

i ./ 1) 

7 4 

F jH 

1 v** i , ' 

C 

a ( 1 

4 ,#’/ U.- 

c 

B(1 


1 : 

ail 


SHiH/UOXf 'XHK fHTRIX [AJ iS'),/) 


» .U , ‘ 

I ,: ■' 
t *•''. ■ 

:. ■ 

* ;f « J ■ ' 

I . ■ 

I .1 u . . .’•■ 
I. i t . ■ 
i 1 2 „ 
i.lJ. . 
» 1 , 4 = 

lU5.r ^ 
A I B V 
ii/ " 

A 1 B ,j, . 

A 1 ^ ‘ 

* 4 U *' 

A 2 3 ^ 

* 2 4 li «- 

» ji.J 

k 2 ’( i‘ '.•* 

*3y.»« 


:. I., » r »« 'f ’ (Ni T ■ - * V..* \ w ’ ' ' •<* '•irf ,r r »» "s w r » 

>l(4U )sb2?H(5,l)=.; 
i^jU‘h?C 1 J , 21 ) 

fuiunr (/c^yx, ' I'HK 'Utrix [bi i«'),/) 

WRU'UAUilU (l3l!MrK),KsUl)#4SU5) 

F J ! ' ■ ■ > i* t i X f F 1 <j * 4 f / ) 

Cl U U = .irCCi r2)s:BU’f I f J)=0?CUf4)=B.rcU5)=l 
Cl U * ■'■=l*CUf2)s‘>?cn, i)=»,'?CUf4)3U 

V‘* X J. A lU 4 i . 2 3 ) 

Fj'M;u-l20Xf UhF BaTsUX tCJ ISU/) 

‘■'K U‘KOi .24j UCl.4,K)fK = l,5l ,MSl,l) 
rjK:i.Vr(2(*Xr'l'SFb,U ',/) 

ChBL SSP2TPlX,5,B,5,C,lf^f'^i)f3R,DE>lrrNU'‘3,J:FAllO 

fiF.nAi'(/UOX.‘"fHE C0EFIC.IE®^1’S '3F fHE NUNI IN TRANSKEH F'fNC')^/) 
*'Kli’S(4iUU iKlf INUM) 

rf«UFs4l,90) ^ ; ■ 

faR'iArux.'/c///////)) 

f! f" f I 4 i '1 ^ ) 

f j4’uu*(/?iyx, 'XHfc CQEF Of ‘XHE OEM IN fHE TRANSFER FUNC')./) 

v^iUi'flAi iljtDKHll),IrUb) 
r jK-S,U’UX,fi5,b,/3 ^ 

CA(<U /y2AFrtHFS,S,«Rf Rif INTEGe.rB) , 

rauSrc/liJif^'THE poges uf the matrix iai areu,/) 


HI raUMATC/(iUX,»'THE POLES Uf THg MATRIX lA) ARE'),/) 

X*y,,P «IUU’EH41,H13 (HHU) f RIC.4) ,Ns 1,B) i: 

H3 ■ Fli«MArC4WXf 2FiS.4) ' : ^ 

i}iU , CALy^cy2A|:|ct>|Nf&;REZ,iM£,T0b,y) : :;; 

Iliju /5 ’ f5ii5A|(tr)x!^THE POLES OF THE THANSFER FUNCTION: f'^ ) , : ^ - 

' 4KUCC4U7S) CH£»CN3,IMZCNUNBl,b) , „ 

AlSfeW /t» F0R4AfU0Xf 

u CALu CU2AefMilflNUM,RErIZfTOLfO) ' , ' '^v 

raRMAh/ltMf'THs: zerofs or ths transfer function ' 

nigfivf 0-^ ’ OfiTERMlNKS THE COEFICIENTS OF «UM $ OEM , 

if f I"' 

tF( 4 ' 4fURM 

a f ^ ^ ^ 

'^■^lFCH(IU)^?t^S* OU'.OI .‘HOTO 36 
CQNr.C:'3US 







M n . 

* 

i 0 ^ < 

* t) ^ .1' 

J ^ 

il r 

*% '/ 

I. 7 .! 

I ■# . 

%ji 

I 7 . - 7 1,1 

ii‘“^. ■ 

/ y . 

'd i I ., . 


/. i A * ' 

d ,.^ 4 , 

'd i‘> /» 

iib,. ' bij 
V ^ y 


. ‘’UNjiigrig 
r:).4 cniiii; 


l a 


a 


trCftOS(H'»flK(U> .«T, EPS ) SUlO 

t!3:U'X.«iJS 

ICiltiM = U 

t)y 7o s i.N 

tNi)4 S xnUM +1 

'JU''’l<.Cr3U«) as NUl*1K(J) 

C J" ;' I J<ii’. 


PErj.^- 
E j I-) 

f J n c *' r n ,M Tiu CE u , I A , f>! ) 
KE/Uj fv(5»5) 

^•KAC^'’'SV.0 

t)J 5f> lal.^l 

l-tlACEslMACKtAd, X) 

Cjrn'lr-U'S 

KEl’UPi! 


E;jn 







59^^348 

53*^826 

•1*,«000 

0,00o0 




5#4266 


y *OU0C; 


VOLrAGB 

Ibb.il 


tHS 3TSa,0y SfATK OpERATiNU fDlX’i' 

iQKtl If»RO TOKvJyS 


-/•2« 


19. 7» 


S /. 7U 


THE MATRIX, ^.-CAJ JS 

3*8i43 , -474.8U97 


417*2^07 

•2.5b23 

y.oyoy 

18#817« 


trtS matrix f83 IS 
13,4103 ‘ ■ 
-12,3764 


134.1^32 
■ 123,7642 
0*0000 
0,0000 
0,0000 


r 4- ? * # '» f ^ ♦ -s^ t #♦ |;f J)i |:1(( !(: ;^)(r 

TMh! I'K.'i ■ Sjf'ER FUNCnoM WR/s^Rt USING Pi CpMi'ROOL.EK 

SuIP CUR G1 G2 T2 

0.0^30 6u«0UUU l.iOOO l.UOOU Q.lOQfi 

THE 'Matrix iauj is 


1,1*.' y u 

0 • 0 0 0 U 

4,6167 

O.OOOu 

0 • 0 v-' 0 u 

0,0400 

U,015u 

0,0600 

0 , U « 0 L- 

.-O.OiSg 

0,U40B 

o.oooo 


O.OUOO 

2,0167 

- 1 , 0 6 0 0 


rHK ^lATRlX IHJ IS 
-8.5144 
O.^vOv 
0, Vl6i 
0,0000 







riir-iir a**' THE t>BH lu xHt: fu'K 


I. ’,■»<» , ',J fi A 

i IMiOtf 
1!>‘S /'■>,?<l7t,'l)v 
i Ij ! '."J A , h j h c 0 1/ 


I'tfK PUL.ER 'If i’HE mAXKIX lAl ARE 


• 1 4i,6ul9 
-e, 17*7 4 
-6,1774 
-V.5699 
-O.Stj^y 


7.i5u61 
-7.20S1 
y, 7 451 3 
-0.7463 


I’HK ODf.eS 0^ I’llE TRANS'!''KR I-'U^CTIUM ftKfc 


-442,6^19 


•0,5h59 

•y,S6S9 


U.OOOO 
-7.2061 
7,2061 
.0,7 46 3 
0.7463 


t’HE ZEROES QE THE TRArfSfEH FONCl’IO'^ ARE 




•2*5623:--,«4' 

-2.6t)2| ,;,‘f 


0,0000 
^2,Boa3 
2,;9 8B3 




' *=•' . 1,7 "■■! ■.' • ’''.'.k' 











1 



1 

I ^ 

^ 1 1 
. I / 
I ? 
V I 


f » 

i ! 


^'itu i>Ra^^RAH (itefs r,iE tra 
M/ fn I^ORpe^DENt SFbEO 


Tf,e TKA'^SPI-JS F'fi^cno'^s VjR/W«* 
SHt.:EO A‘'JD FHEiUgNC^ CUNTRlU- 


.'JR/«'S|j 

(I^T.'jG 
,>;? ..T > P.'j 


i. ' n * O' f\'LJ auA'- r Kn.j» ■ >.. u = i i. ■' li <-> 

•'.r’FilRTiOHAt, PUUS Ji.iTelGRAb ff? JGbKR . £ r Ofe: .*^5 s'*^fc- 

'ViliSilS A»10 ZERU*5S OF tiiE AsOtfS I’RA'^SFRr PONCTrO'<!s. 
tti*t!^f,^*t****it:*$*$*$***$^*******'*t:*^**1^****^*** ************* 



ai4i£{^S£(JF A(5,b) , WKyPCK(.4) ,£(.4,4) ,G(4,1 ) ,u( (, 1 ) 

OI'^grlSlON KHC5),Hit5)cAU4r4),«B(4,l) *H5,U 
OIBCMSiar? 7.Cl),FJrKGE?5) ,C£l f ’’(b) 

Ol/'tSNstJN Rg^cb) ,iMZCb) ,KZC‘>J,£icS) ,BC5,5) 

8 A Ij y 1. * ii 2 

ORK !(ao|T=4y,DKV,[CFa'nSK',Kll.£='T..MPL)T,OAT') 

:H'r a J’Ui’sotnEVlCfia'DSK'.riLiR!: ERKOR.UAr^) 

n-'''\4tuM'r=4i,,)EVCCE='L)5K^,FIbE=:^OLjTRar,i)AT') 

R u 'W t 40 , * ) C ( E ( Jl A , M ) , 4 = 1 , 4 I , I A = I / 4 ) 

« ri 4 J ( 4 < » , * ) C C G ( 1. H , 0 ) f I B = 1 ^ A ) , 4 = 1 » 1 > 
iH»5)riB=5?rc=i?''!=5 

Fja5‘},’ClRsbOJS=U.u2,*fjial. 3? l’2«U.t 
K;.ADCu 5,*) rO,S,t:iR,l.l,L2,T2 
R£Aa(u5>) u2 

4H!: *02 (»)§,*) rQ,SrCiR,l.l ,b2r 12 
4lUi’E(-U,97) 

?3R4!\j*UAx!^Th« TRA.iSrKR F'lRCXlQi^ WR/4R» USpIG PT C0N'j:RUlO.iFR 

i‘OHAhitHlt^******'******’^*****^********‘********************** 

pImaIcI^X* ^FRCQ* , 6X/'Sb4P'r^^r'CUR'rfe)^*'’Gl',aX,'G2',8K,'x2'' 

RpieUCfl) pa s;c£f^bt,b2;T2 

c3?«l*lil^6Sci^J '^P»4.u; wa=»bU,U»6,29 32?WE=6.28 32'''Ff3£RJ*a.3l 

R8*SU 1^798 !R2*0«OAoH; Sli*!. 75 l8/i»'f3f Rfj=^.0u2B2««l8jCM»S.54/^B 

"MRlK t«lll tS'f/) *'• i ->;; 


V- I 

¥ il * 

:| £ n , ' 

'^i.f. ‘ 

•/ /. 't 

; ‘ ‘ 

\l i J • 
i/ ^ 1 / * 
1^5'' ,• 
y i 4 j,J 
u i 4 ,. ? 
us’y .<*s 

y i b b 
a j / .-'J 
UiH , ./ 
''*34 ./si 
J*U .,4 
II . 

ii*>42 ,•;» 

M<* i /W 

WlSfrl'-f 
., ,/ ..■' 


MAfRlX ■' . 

IffAftf 'state operators P0I«? ** 

■fS OPERATIW^POINT IS 
WKSf»CE» AA,4>86,4#0) 


pi5lAit|fiIl|t''THE StfAOf S 

on .i)«l,8|4*6.cif u 

FOH4A|(it:'WlitAae;,4Xr^pHO%8X,'tORO 

f jKnAr( iX,4Ft042) -i', 

Ral'U + ul 

lllkscs ssir.?i^rx i ? ; ^ i i p 

1! ? u ic is 

lii $ ), ) f C*i*|5pR^^i42)|«S^^^^ 

"1 < i » P = *• C ^ G0S+-R ti^ot 2#l3)/Rb ., 

-U t 'lU^aJsO? A.(;4,3)=E>?AUj^41=(-?At, 

r, I ' ' ; t i = t -3 ^ ! ’ ./p C .. » C'^ h ) h .8 ‘R-U ? A 1. S 4 ) ^ ? 


•. ' / 1 


.TORQUE', 



Cj'ii'tuHt 
-'RU-iSi 41,73) 

Matrix [aj is') /j 

►-s,,S‘'?h 

I 1 )ai,l4Rij/C^;tt(2, J)a-ljl»CM/CL?BC3, 1 )aO: BC4, t )*{i 

B{ i ,U»y78f2f l)s:«0l3, U?BC3,3)=CC,H*6BS+^r.*tn2, 1) )/Hb!ti(1, ji)=:y 
BtSfipO 

£H1 ,l)si,l+f,2*T2*Rf,/cr.;Bc2, + iU3, J ) = 0 

Bt4,t)»t.2?8(5,l)s:w 

^Rtrs(4i,h) 

RDR^AK/C^OXf^TUK matrix tBJ IS'),/) 

, iS) ctBtN,K),K=i,n <.N=.ifS) 

F.)''!'iA rClOXrFlB.4r/) 

Ct’ , l) = .,'?Ctl,2)sU.Cf 1, J)=ofCU#4)=0)CU,5)*l 

1-C3 )=si?CCl,2)=sO*cU i)”yr*CCir4)s^> 

wRirKi-Ur^n 

KjK.iArc20Xf *THK matrix [CJ IS',/) 

FjRi!Ai'C2f*Kr^f^SF5,'J',/) V 
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